Introduction
Salivary gland tumors are a group of highly heterogeneous benign and malignant neoplasms arising from the major or minor salivary glands, and account for approximately 5% of all head-and-neck cancers. The clinical management of these tumors is complicated by their varied biological behaviors and relative infrequency (McGurk and Renehan, 2001) . Understanding the molecular changes in different types of salivary gland tumors is important for both the treatment and diagnosis of these diseases. Mucoepidermoid carcinomas (MEC) are the most common human malignant salivary gland and the second most common bronchial gland tumors, while Warthin's tumors are the second most common benign parotid gland tumors. Although these two types of tumors are histologically distinct, both are associated with a specific recurring chromosomal t(11;19)(q14-21;p12-13) translocation, suggesting that the chromosomal rearrangement is directly involved in their pathogenesis (Martins et al, 1996 (Martins et al, , 1997 (Martins et al, , 2004 .
The genes involved in the t(11;19) translocation in these tumors have been identified, and consist of a novel gene at 19p13 termed Mucoepidermoid carcinoma translocated-1 (MECT1, also called TORC1) and a member of the Mastermind-like gene family (MAML2) at 11q21 (Conkright et al, 2003; Tonon et al, 2003; Enlund et al, 2004) . Intriguingly, the MECT1 gene product was recently characterized as a binding protein for CREB (cAMP response elementbinding protein) transcription factor (Conkright et al, 2003; Iourgenko et al, 2003) . CREB belongs to the class of basic domain-leucine zipper transcription factors and binds as a dimer to cAMP-responsive elements (CRE), 8-bp palindromic sequences TGACGTCA (Johannessen et al, 2004) . In response to cAMP signaling and activation of protein kinase A (PKA), CREB is phosphorylated at Ser133 resulting in the recruitment of the coactivators CREB-binding protein (CBP) and p300, thereby activating the transcription of cAMP-responsive genes. In normal cells, MECT1 acts as a CREB regulator, functioning by binding to CREB and enhancing transcription of a CRE-containing reporter independently of CREB phosphorylation (Conkright et al, 2003; Iourgenko et al, 2003) . The MAML2 gene, on the other hand, encodes a transcriptional coactivator for Notch receptors (Wu et al, 2002) . Notch signaling is an evolutionarily conserved mechanism in which cell-cell interactions may determine cell fates, and is important in the development of many tissues (Artavanis-Tsakonas et al, 1999) . MAML2 is part of the Notch transcriptional complex, which involves the transcription factor CSL and the nuclear activated form of Notch receptor (ICN) after ligand stimulation, and is required for transcriptional activation of the Notch target genes (Wu et al, 2002) . The consequence of this chromosome translocation is the creation of a novel fusion protein, MECT1-MAML2, which is composed of the 42 aa CREB-binding domain from MECT1 with the 981 aa transcriptional activation domain (TAD) from MAML2 (Tonon et al, 2003; Enlund et al, 2004) .
The MECT1-MAML2 fusion has transforming activity, as indicated by the finding that it independently induces colony formation in the E1A-immortalized rat kidney epithelial cell line, RK3E (Tonon et al, 2003) . However, the mechanism of transformation is unknown. Interestingly, several known Notch target genes are induced independent of Notch ligand stimulation, including Hairy-Enhancer of Split-1 (HES-1) and HES-related protein (HERP). Since previous studies indicate that Notch signaling is important in salivary gland development in Drosophila (Haberman et al, 2003) , it was postulated that altered Notch signaling might affect gland cell differentiation and therefore contribute to the transforming activity of MECT1-MAML2. However, the mechanism of activation of Notch target gene expression by MECT1-MAML2 is unknown, and we have previously shown that this activity does not require the normal Notch transcription factor (CSL)-binding sites in the Notch target HES-1 promoter (Tonon et al, 2003) .
While activation of Notch target genes is still an attractive mechanism responsible for its transforming activity, Conkright et al (2003) suggested that interference of the CREB pathway by the MECT1-MAML2 fusion may also be important. First, the fusion retains the CREB-binding domain from the MECT1 translocation partner and is able to bind CREB. Second, the fusion induces activation of a reporter containing the CRE site, and a dominant-negative CREB expression plasmid (A-CREB), known to interfere with the CREB DNA binding, blocked such activation. Since the CREB complex mediates basic cellular processes including cell growth and survival in response to a variety signals, and is also implicated in a number of cancers including endocrine tumors, melanoma, and leukemias (Yu and Melmed, 2001; Poser and Bosserhoff, 2004; Shankar and Sakamoto, 2004) , targeting of the CREB pathway might also be critical in mediating MECT1-MAML2 fusion's transforming activity.
In preliminary studies with expression arrays, we found that MECT1-MAML2 induced expression of multiple genes previously shown to be responsive to cAMP signaling in epithelial cells. In an effort to understand the role of the CREB pathway in transformation by the fusion protein, we have examined the role of the CREB pathway in cellular transformation and analyzed the mechanism of activation of this pathway by MECT1-MAML2.
Results
Transforming activity of the MECT1-MAML2 fusion protein requires both the CREB-binding domain from MECT1 and the TAD domain from MAML2 MECT1-MAML2 is a fusion of the N-terminal CREB-binding domain of MECT1 (42 aa) with the C-terminal TAD of the Notch coactivator MAML2 (981 aa). Previously, we showed that the MECT1-MAML2 fusion efficiently induces foci formation in E1A-immortalized RK3E cells, while the fusion partner MAML2 has no activity (Tonon et al, 2003) . To determine if the other fusion partner, MECT1, might have transforming activity, MECT1 was introduced into RK3E cells and focus formation was quantified. In contrast to MECT1-MAML2, the MECT1 gene product itself was unable to induce focus formation in RK3E cells ( Figure 1A ). Therefore, only the MECT1-MAML2 fusion, but not the two genes involved in the translocation, is able to transform.
The motifs within MECT1-MAML2 fusion required for transformation were evaluated by using chimeric proteins including MECT1-MAML1 and MECT1-VP16, generated by replacing the TAD domain of MAML2 in MECT1-MAML2 fusion with the corresponding TAD domain of MAML1, another member of the MAML family (Wu et al, 2002) , and the unrelated activation domain of VP16, respectively (Tonon et al, 2003) . Colony formation was observed for MECT1-MAML1, but not for MECT1-VP16 nor the fulllength MAML1 ( Figure 1B ). These results indicate that the Figure 1 Both the CREB-binding domain of MECT1 and the TAD domain of MAML2 are required for the MECT1-MAML2 fusion to induce foci formation in RK3E cells. (A) RK3E cells were transfected with the indicated expression plasmids, and stained with crystal violet for foci formation at 3 weeks post-transfection. (B) Diagram of the constructs used in focus assays, and the number of foci generated from the transfection of each of these constructs. The number of foci shown was obtained from the 10 cm plates based on the triplicate experiments. M-M2, M2, M, M1, M-M1, and M-VP stand for MECT1-MAML2 fusion, MAML2, MECT1, MAML1, MECT1-MAML1, and MECT1-VP16, respectively. All these genes were cloned into the pFLAG-CMV2 expression vector, and expressed as FLAG-tagged proteins. Figure S1) . With at least two-fold changes at the transcript levels considered as significant, we found that there is a unique set of genes differentially regulated by the MECT1-MAML2 fusion compared to expression of either fusion partner alone (see Table I ). These genes are clearly involved in many critical cellular processes including cell growth, differentiation, and apoptosis, suggesting that the fusion protein may interfere with multiple cellular processes that lead to cell transformation. The identified set of target genes (Table I) included seven genes previously reported to be regulated by cAMP, including the transcription factors, ATF3 (Hai and Hartman, 2001) , CREM (Daniel et al, 2000) , FOS (Ahn et al, 1998) , and two members of the nuclear receptor subfamily 4, NR4A1 (Nur77) and NR4A2 (Nurr1) (Kovalovsky et al, 2002) ; inhibitor of DNA-binding protein, Id2 (Scobey et al, 2004) ; and stanniocalcin 1 (Wong et al, 2002) .
To validate these expression array data, we performed realtime PCR assays for five target genes, including two known cAMP-responsive genes, Nurr1 and ATF3, and three genes previously unknown to be regulated by cAMP, DUSP1, TFF1, and NDRG1, and showed that all these genes are indeed upregulated when the fusion is expressed ( Figure 2A ).
MECT1-MAML2 induces expression of multiple targets of the cAMP signaling pathway; thus, we investigated mechanisms of activation of the cAMP signaling pathway via the fusion oncogene. Consistent with the microarray and realtime PCR data, Western blot analysis revealed that the MECT1-MAML2 fusion induced the expression of these two known target genes in the CREB pathway, Nurr1 and ATF3, at much higher levels than did either MAML2 or MECT1 alone in the human immortalized parotid cell line HSY ( Figure 2B ). Overexpression of the MECT1 gene caused only a modest induction of Nurr1 and ATF3 genes, despite the fact that its expression level was much higher than that of MECT1-MAML2. This might be explained in part by the difference in their subcellullar distribution: MECT1 is primarily localized in the cytoplasm (Supplementary Figure S2) , while MECT1-MAML2 is localized in the nucleus when expressed as GFP-tagged proteins (Tonon et al, 2003) . It was recently shown that increasing intracellular cAMP or calcium levels induces nuclear transport of MECT1 (TORC1), which is subsequently sufficient to activate CRE-dependent transcription (Bittinger et al, 2004) . Thus, these data suggest that MECT1-MAML2 is a constitutive activator for CREB-mediated transcription, while MECT1 requires additional signaling for such transcriptional activation. Interestingly, while the chimeric protein MECT1-MAML1 activates expression of Nurr1 and ATF3 at high levels, the MECT1-VP16 chimeric protein does not ( Figure 2B ). These data were consistent with the differential activities of these proteins to activate the CRE promoter reporter (Supplementary Figure S3) .
Combined with our results from the colony formation studies (Figure 1 ), the ability of the MECT1-MAML2 fusion to activate the CREB pathway appears to correlate with its ability to induce colonies in RK3E cells.
Disruption of CREB activity reduces the transforming activity of MECT1-MAML2
The importance of activation of the CREB pathway in mediating MECT1-MAML2 transforming activity was then evaluated using a well-characterized dominant-negative mutant, A-CREB, which specially blocks CREB binding to DNA by heterodimerizing with CREB (Ahn et al, 1998) . RK3E cells transduced with A-CREB viruses (expressing A-CREB plus GFP), or control viruses (expressing GFP only) were transfected with MECT1-MAML2 to examine the expression of CREB target genes at 48 h post-transfection and to score for colonies after 3 weeks. We first confirmed by Western blot analysis that A-CREB is expressed in RK3E cells infected with Figure 3A ). The induction of Nurr1 and ATF3 proteins by MECT1-MAML2 was significantly reduced in RK3E cells expressing A-CREB, as compared to the control cells ( Figure 3B ). Importantly, expression of A-CREB also led to a significantly decreased number of colonies ( Figure 3C ). However, we found that A-CREB expression did not affect the number of colonies induced by an activating mutation of B-RAF proto-oncogene (V599E). Thus, these data indicate that interference of CREB activity reduced the activation of the CREB pathway, and also decreased the transforming activity of the fusion protein. Moreover, by knocking down the endogenous CREB level with RNAi in 293T cells, we found by Western blot analysis and/or real-time PCR that there are reduced expression levels of known CREB target genes, Nurr1 and ATF3, as well as three other target genes, DUSP1, TFF1, and NDRG1, previously unknown to be regulated by CREB, suggesting that induction of these genes might be dependent on CREB ( Figures 3D and E) . Taken together, CREB activity is important for activation of the CREB pathway and cellular transformation via the MECT1-MAML2 fusion.
Next, we asked if CREB activity is essential for the growth of MECT1-MAML2 fusion-expressing MEC cell lines. Two MECT1-MAML2-expressing MEC cell lines, H292 and H3118, along with the immortalized MECT1-MAML2-negative cell line HSY were transduced either with A-CREB or control GFP viruses. The multiplicity of infection (MOI) was optimized to obtain an infection rate of 30-50%, and then the percentage of GFP-positive populations was determined at 3 or 4 days intervals, over a total time period of 15 days. As shown in Figure 4A , the percentage of MECT1-MAML2-positive H3118 and H292 cells that expressed A-CREB was progressively reduced, while their control, GFP-only-expressing cells did not have a growth disadvantage. In contrast, the percentage of HSY cells (lacking expression of MECT1-MAML2) that expressed A-CREB reduced only modestly. These results suggest that expression of A-CREB in MECT1-MAML2-positive MEC cells, but not in MECT1-MAML2 -negative cells, resulted in a negative effect on cellular growth. In order to directly compare growth rates, GFP-positive cells were purified by fluorescence activated cell sorting. We found that A-CREB expression inhibited the growth of the MECT1-MAML2-positive MEC cells, but not the control HSY cells ( Figure 4B ). Finally, we investigated the effect of A-CREB expression on the cell cycle and apoptosis. We found that A-CREB expression caused an increased percentage of cells in the G1 phase in both H3118 and H292, as compared with their GFP control cells, where no significant difference was seen with HSY cells (Figure 4C ). In addition, A-CREB expression did not lead to apoptosis in both M-M2-negative and -positive cells (not shown). Therefore, the inhibition of CREB activity via the dominant-negative A-CREB resulted in a significant inhibition of growth in the MECT1-MAML2-positive cells, but only marginally affected MECT1-MAML2-negative cells. These results demonstrate that CREB activity is critical for the growth of MECT1-MAML2-positive MEC cells.
The ability of the MECT1-MAML2 fusion to recruit p300/ CBP to the CRE transcriptional complex is partially responsible for activation of the CREB pathway and its transforming activity Signal-mediated activation of the cAMP/PKA pathway leads to phosphorylation of CREB at Ser133, which subsequently recruits p300/CBP coactivators (Johannessen et al, 2004) . The recruitment of p300/CBP is a critical event for the CREB complex to activate transcription. We therefore considered the possibility that either MECT1-MAML2 leads to the phosphorylation of CREB, allowing the recruitment of p300/CBP, or that MECT1-MAML2 itself recruits transcriptional coactivators such as p300/CBP to CREB. Either of these mechanisms would allow the fusion to bypass cAMP signaling-dependent phosphorylation events. We found that the overexpression of the fusion in 293T cells did not induce phosphorylation of CREB at Ser133 (Supplementary Figure S4) . Therefore, phosphorylation of CREB is unlikely to be the mechanism by which MECT1-MAML2 activates the CREB pathway.
To test the possibility that MECT1-MAML2 recruits p300/ CBP, we first determined whether p300/CBP colocalizes with the MECT1-MAML2 fusion. We found that p300 is localized in the nucleus with a diffuse staining pattern when expressed alone in U20S cells. However, p300 showed a nuclear dot pattern, and colocalized with the fusion protein when coexpressed with MECT1-MAML2 ( Figure 5A) .
Interestingly, coexpression of MECT1-MAML2 and p300 resulted in a mobility shift of the p300 species ( Figure 5B ). This mobility shift in p300 was also observed when the MAML2 TAD domain is expressed, but not full-length MECT1, indicating that the MAML2 TAD domain in the fusion protein is responsible for p300 modification. Furthermore, the p300 mobility shift was reduced by incubation of the p300 immune complex with calf intestinal alkaline phosphatase (not shown), suggesting that the modification of p300 may be due to phosphorylation. Conversely, p300 was found to acetylate MECT1-MAML2 ( Figure 5C ). Therefore, our results indicate that MECT1-MAML2 and p300 interact, resulting in mutual post-translational modifications.
Previously, it was shown that p300 phosphorylation can be induced by various transcription factors including c/EBPb, and c/EBPb-mediated phosphorylation of p300 is required for full activity of p300 as a coactivator for c/EBPb (Schwartz et al, 2003) . We therefore asked if expression of the MECT1-MAML2 fusion affects p300 transcriptional activity. p300 was expressed as a fusion protein with a GAL4 DNA-binding domain, and its ability to activate a luciferase reporter that contains four GAL4-binding sites in the promoter was examined. We found that overexpression of either MECT1-MAML2 or the MAML2 TAD, but not MECT1, strongly stimulates p300-mediated transcription. These results indicate that MECT1-MAML2 strongly enhances p300 transcriptional activity, and this enhancement is mainly contributed by the TAD domain of MAML2 ( Figure 5D ). Combined with the data showing that the MAML2 TAD is sufficient to cause p300 modification, it is possible that MECT-MAML2 leads to p300 modification, and thereby enhances its transcriptional activity, or that MECT-MAML2 recruits additional cofactors to the p300 complex that further enhance p300-dependent transcription.
The acetylation of MECT1-MAML2 when associated with p300 is of great interest, since acetylation of transcription factors can have either positive or negative effects on function (Freiman and Tjian, 2003) . Since p300 has histone acetyltransferase (HAT) activity, it is most likely that p300 Figure 5 MECT1-MAML2 interacts with the CREB pathway regulatory molecule p300. (A) MECT1-MAML2 and p300 colocalize in the nuclei. U20S cells were transfected with the GFP-tagged MECT1-MAML2 and HA-tagged p300, and stained with an anti-HA antibody for p300 expression. The DAPI staining labels the nuclei of the same cells. (B) MECT1-MAML2 post-translationally modifies p300. 293T cells were transfected with HA-tagged p300 and either empty vector, FLAG-tagged MECT1-MAML2, MECT1, or MAML2 TAD (173-1153). p300 expression was detected by IP with anti-HA antibodies followed by Western blot analysis with anti-HA. The expression levels of the FLAG-tagged proteins were determined by probing with anti-FLAG antibodies. (C) p300 modifies MECT1-MAML2 via acetylation. 293T cells were transfected with FLAG-tagged MECT1-MAML2 and either empty vector or HA-tagged p300. Expression levels of the acetylate, total MECT1-MAML2 fusion proteins, and p300 were analyzed by Western blot analyses followed by immunoprecipitation. (D) Expression of MECT1-MAML2 enhances p300 transcriptional activity. U20S cells were transfected with 0.5 mg of a pG5luc firefly luciferase construct containing GAL4-binding sites, 0.5 mg of the plasmid encoding DB fused to p300, increasing amounts of expression constructs expressing FLAG-tagged MECT1-MAML2 (or MAML2-TAD, or MECT1), and 10 ng of a pRL-TK control plasmid expressing Renilla luciferase. pG5luc reporter firefly luciferase activity, corrected for Renilla luciferase activity, is expressed as fold activation relative to cells not expressing MECT1-MAML2. (E) Expression of p300, not the HAT defective mutant, enhances MECT1-MAML2 transcriptional activity. U20S cells were transfected with 0.5 mg of pG5luc reporter and 0.5 mg of plasmid encoding DB fused to MECT1-MAML2 and increasing amounts of expression constructs expressing p300 or p300 with deficient HAT activity. The firefly luciferase activity, normalized to Renilla luciferase expressed from the pBIND plasmid, was expressed as fold activation relative to cells not expressing p300.
itself is responsible for this modification. Using similar assay described above, we found that full-length p300, but not a p300 mutant with a defective HAT domain, enhances MECT1-MAML2 transcriptional activity, suggesting that the HAT activity of p300 is required for this transcriptional enhancement ( Figure 5E ).
The MECT1-MAML2 fusion and both exogenous and endogenous CBP were also observed to interact by colocalization and co-immunoprecipitation studies (Supplementary Figure S5) . Therefore, the results here suggest an important interaction of p300/CBP and MECT1-MAML2, an idea supported by a change in the nuclear localization of p300/CBP upon coexpression with MECT1-MAML2, co-immunoprecipitation of MECT1-MAML2 and CBP/p300, and post-translational modification of both p300 and MECT1-MAML2 upon their coexpression. This interaction appears to enhance transcriptional activity of both p300 and MECT1-MAML2.
We then asked if the interaction of p300/CBP and MECT1-MAML2 fusion is important for CREB activation and cellular transforming activity. We first mapped the p300-binding domain on MECT1-MAML2, and found that a deletion mutant of MECT1-MAML2 lacking aa 48-222 (corresponding to aa 177-351 of the MAML2 protein) was unable to bind to p300, and was not acetylated by p300, even when an additional nuclear localization signal from SV40 was added to ensure nuclear localization ( Figure 6A and B) . The deletion mutant (aa 48-176), although having a very weak binding activity to p300, seems to be sufficient to become acetylated by p300. Thus, the p300-binding site on MECT1-MAML2 is located with aa 48-222. This p300-binding-deficient mutant showed a reduced ability to activate the CREB pathway (by Western blotting analysis of the expression of Nurr1 and ATF3), and to induce foci formation in RK3E, as compared to the full-length MECT1-MAML2 ( Figure 6C and D) . Interestingly, while this mutant was completely defective in p300 binding, it was only partially defective in the induction of Nurr1 and ATF3 expression, and colony formation, suggesting that p300 binding contributes substantially to MECT1-MAML2 transforming activity, and that other events are also relevant.
Lastly, in order to assess whether p300/CBP is recruited to the transcriptional complex bound to the CRE site on the genes regulated by the MECT1-MAML2 fusion, we performed chromatin immunoprecipitation (ChIP) analysis of a cAMPresponsive promoter in 293T cells transiently transfected with the MECT1-MAML2 fusion, compared to the mock-transfected control cells. The ChIPs were carried out for endogenous p300, CBP, CREB, and transfected fusion protein, and then the associated DNA was used as a template for the PCR amplification of the Nurr1 promoter sequence containing the CRE site. The intensity of the PCR amplification bands would indicate the levels of binding of these proteins to this Nurr1 promoter region. As shown in Figure 7 , the level of endogenous CREB binding to the promoter is similar in the absence and presence of the expression of MECT1-MAML2, suggesting that CREB constitutively binds to the Nurr1 promoter. When the MECT1-MAML2 fusion is expressed, it is recruited to the transcriptional complex on the Nurr1 promoter, and also greatly enhanced p300 and CBP recruitment to the promoter. Furthermore, we found no detectable PCR amplification product for the promoter of the GAPDH gene, which is not a CREB-mediated gene. These results therefore demonstrate that p300/CBP are recruited to the transcriptional complex bound to the CRE of the Nurr1 promoter upon the expression of the MECT1-MAML2 fusion.
The results from the studies described above along with the results of Conkright et al (2003) allow us to propose a Figure 6 p300-binding-deficient mutant exhibits a reduction in the ability to activate the CREB pathway and to induce colony formation in RK3E. (A) The MECT1-MAML2 mutant, D48-222, is unable to immunoprecipitate with p300. 293T cells were transfected with constructs expressing HA-tagged p300 and FLAG-tagged full-length or truncation mutants of MECT1-MAML2. The anti-HA immunoprecipitates were immunoblotted with anti-FLAG antibodies. (B) The MECT1-MAML2 (D48-222) mutant is not acetylated by p300. 293T cells were transfected with constructs expressing HA-tagged p300 and FLAG-tagged full-length or truncation mutants of MECT1-MAML2. The anti-FLAG immunoprecipitates were immunoblotted with anti-acetylated lysine and anti-FLAG antibodies. (C) The p300-binding-deficient mutant, MECT1-MAML2 (D48-222), induced less Nurr1 and ATF3 expression, as compared to the full-length MECT1-MAML2. (D) The p300-binding-deficient MECT1-MAML2 mutant generated a reduced number of colonies in RK3E colony formation assays. The data were based on three independent experiments.
Figure 7 MECT1-MAML2 enhances the recruitment of p300/CBP to the transcriptional complex bound to the CRE site of the Nurr1 promoter. 293T cells were transfected with empty vector or FLAGtagged MECT1-MAML2 for 24 h. Cells were then fixed with formaldehyde and chromatin lysates were prepared. Chromatin lysates were subjected to immunoprecipitation with antibodies against p300, CBP, CREB, and anti-FLAG (M2) antibodies. Rabbit IgG was used as a negative control. The DNA associated with immunoprecipitates was isolated and used as templates to amplify the Nurr1 promoter region containing CRE. PCR amplification of the GAPDH promoter was used as a negative control. The PCR products were resolved by agarose gel electrophoresis and stained with ethidium bromide.
novel mechanism for constitutive activation of the CREB pathway by the MECT1-MAML2 fusion protein (Figure 8 ). MECT1-MAML2 activates transcription of target genes of the CREB pathway that subsequently mediate at least part of its transforming activity. Two domains of the fusion oncoprotein are important for its activity: the CREB-binding domain, which allows for localization to the CREB complex on the promoters of the target genes; and the MAML2 TAD domain, which allows for strong CREB-mediated transcription by interacting with p300/CBP and likely, other undefined factors.
Discussion
The novel MECT1-MAML2 fusion encoded by the t(11;19) translocation is associated with both malignant mucoepidemoid carcinomas and benign Warthin's tumors, and is potentially important in cell transformation of these salivary tumors (Martins et al, 1996 (Martins et al, , 1997 (Martins et al, , 2004 . Here, we have investigated the molecular basis for the oncogenic activities of the MECT1-MAML2 fusion. Prior work has demonstrated that the MECT1-MAML2 fusion oncoprotein activates Notch signaling independent of ligand stimulation, suggesting that deregulation of Notch signaling might have a role in epithelial cell transformation (Tonon et al, 2003; Enlund et al, 2004) . When MECT1 was identified as a 'transducer of regulated CREB activity' (TORC1), it was suggested that the MECT1-MAML2 fusion might also deregulate the CREB pathway, and MECT1-MAML2 was shown to activate the transcription of a CRE-containing promoter reporter (Conkright et al, 2003) . In this study, we support this hypothesis by demonstrating that the MECT1-MAML2 fusion constitutively and potently activates the CREB pathway, and that this is a critical mechanism by which the MECT1-MAML2 fusion mediates its cell transforming activity in vitro.
CREB mediates cellular responses to a variety of stimuli including hormones, growth factors, cytokines, and stress, by regulating the expression of numerous genes that subsequently modulate cell proliferation, differentiation, and apoptosis (Mayr and Montminy, 2001) . Abnormal CREB activity has been implicated in growth and progression of a number of cancers, implying that deregulated CREB activation might be a frequent mechanism by which tumors evade normal control for growth and survival. Here, we demonstrate a critical role for CREB activation in MECT1-MAML2-mediated cell transformation. First, the ability of the MECT1-MAML2 fusion to activate the CREB pathway is correlated with its ability to induce foci in RK3E epithelial cells. Second, interference of CREB activity significantly reduced the ability of the fusion to induce the expression of CREB target genes and its transforming activity in RK3E cells. Third, interference of CREB activity leads to growth suppression of fusion-positive MEC cells, but not negative cells. These data indicate that the MECT1-MAML2 fusion is able to activate the CREB pathway, which plays an essential role in cell transformation and possibly maintenance of tumor phenotypes.
Currently, it is still not clear how constitutively elevated CREB activity leads to tumorigenesis. To address this question, it is necessary to identify key CREB-regulated genes that mediate MEC and Warthin's tumor initiation and progression. Since expression of CREB-mediated genes may be cell type specific, it is thus essential to study the target cells naturally transformed by the fusion oncoprotein in vivo in order to identify such mediators. Our studies showed that the MECT1-MAML2 fusion induced multiple CREB-mediated genes in cultured epithelial cells. For example, among the known CREB-mediated genes we identified, Id2 (Ruzinova and Benezra, 2003) , FOS (Tulchinsky, 2000) , and ATF3 (Perez et al, 2001 ) have known transforming activity, and the two members of nuclear receptor subfamily 4, NR4A1-2, has been implicated in cellular responses to hormones and growth factors (Maruyama et al, 1998) . Intriguingly, one well-known Notch target gene, HES-1, previously reported to be upregulated by the fusion and expressed at elevated levels in primary MEC tumors, did not appear as a target gene in our microarray study. It is possible that the discrepancy is due to the time point we examined. Nonetheless, HES-1 was shown to be a CREB-regulated gene (Herzig et al, 2003) . It is therefore possible that activation of Notch target genes associated with MECT1-MAML2 occurs through activation of CREB, at least in part. This is consistent with our previous observation that MECT1-MAML2-induced expression of HES-1 is independent of CSL-binding sites in the promoter (Tonon et al, 2003) . Therefore, target genes for the MECT1-MAML2 fusion, mediated by CREB, affect multiple cellular processes that might contribute to carcinogenesis.
In light of the role of CREB activation in MECT1-MAML2 cell transformation, it is conceivable that inhibition of CREB activity might interfere with the formation, progression, and maintenance of MECT1-MAML2-associated tumors, which would open a new avenue for therapeutic intervention. In our study, the expression of dominant-negative A-CREB significantly reduced MEC cell growth in vitro and warrants investigation in vivo. Our results also have implications for the diagnosis and prognosis for MEC and Warthin's tumors. The presence of the MECT1-MAML2 fusion seems to be closely linked to the MEC phenotype and may be used as a diagnostic marker for MEC tumors (Martins et al, 2004) . The Figure 8 A proposed model to explain the mechanism by which the MECT1-MAML2 fusion protein constitutively activates the CREB pathway. (A) In a signal-dependent fashion, signal-mediated activation of the cAMP/PKA pathway leads to phosphorylation of CREB at Ser133, which allows the recruitment of p300/CBP and subsequently enhances transcriptional activation. (B) The MECT1-MAML2 fusion contains two functional domains, the CREB-binding domain from MECT1 and the TAD domain from MAML2. The CREB-binding domain enables the MECT1-MAML2 fusion to localize to the CREB complex on the promoters of target genes, and the TAD domain is responsible for subsequent strong transcription by interacting with p300/CBP coactivators and other factors. Thus, the fusion protein is able to bypass signaling requirements and activate transcription of CREB target genes that mediate its transforming activities.
status of CREB activation might serve as another important diagnostic marker and may have prognostic value as well.
One important finding in this study is that MECT1-MAML2 elicits potent CREB activation at least in part through the recruitment of p300/CBP coactivators. p300/CBP is generally believed to function as a physical bridge between a number of transcription factors and the basal transcriptional machinery. In this study, we showed that there is an interaction of p300/ CBP and MECT1-MAML2, and this interaction leads to posttranslational modifications as well as increased transcriptional activities of both p300 and MECT1-MAML2. Various transcription factors including C/EBP family members were previously shown to trigger phosphorylation of p300 through unknown mechanisms, which seems to modulate p300 as a transcriptional coactivator (Schwartz et al, 2003) . It is still unknown if phosphorylation of p300 regulates its HAT activity, which could be one mechanism for transcriptional regulation. Modification, possibly phosphorylation, of p300 by MECT1-MAML2 might have a significant impact on intrinsic p300 HAT activity, and thus on the biological activities it regulated.
The acetylation of the MECT1-MAML2 fusion is of equal interest. To date, acetylation of non-histone regulatory proteins has been reported to regulate multiple cellular events, including gene transcription, chromatin remodeling, protein trafficking, and apoptosis (Freiman and Tjian, 2003; Cohen and Yao, 2004) . p300/CBP has been shown to acetylate several transcription factors, thereby either stimulating or inhibiting their functions by modulating protein-protein interactions or DNA binding. Therefore, an important question that remains to be addressed is whether acetylation plays any role in transcriptional regulation and cellular transformation via this MECT1-MAML2 fusion. The p300-binding site is located in the MAML2 TAD domain of the fusion, while a similar binding site (aa 75-301) was also identified in another MAML family member, MAML1, and found to be necessary for in vitro chromatin-dependent transcription of a promoter reporter with multiple CSL-binding sites (Fryer et al, 2002) . Therefore, the binding of p300/CBP seems to be a common function for the MAML family, and studying the interactions of p300/CBP and the MAML family in detail will help elucidate the general role of this family as transcriptional coactivators.
We also identified other target genes of the MECT1-MAML2 fusion in addition to the known CREB-regulated genes (see Table I ). Although more conclusive data are required to show whether the expression of these genes also is mediated by CREB, it is possible that the MECT1-MAML2 fusion activates some target genes independently of CREB via unknown mechanisms, and some of their activities also contribute to cell transformation.
In summary, we have demonstrated that MECT1-MAML2-induced activation of CREB is a critical mechanism for cell transformation. Therefore, the MECT1-MAML2 fusion is able to undermine at least two signaling pathways, CREB and Notch, which could be potentially important in cancer development. Although it has been suggested that one of the Notch targets, HES-1, is regulated by CREB, it is still not known if MECT1-MAML2-induced Notch activation is completely mediated by CREB. Therefore, it will be important to evaluate the contribution of both signaling pathways in cell transformation via the MECT1-MAML2 fusion. In vivo evaluation of the MECT1-MAML2 fusion using mouse models will be important in understanding the direct roles of this fusion and its induced CREB-mediated genes in tumorigenesis in vivo.
Materials and methods
bulletin no. 2, PE Applied Biosystems). The sequences for the primers used are listed in Supplementary Table 1 .
Western blot analyses and immunoprecipitation
Western blotting and IP were performed as described previously (Wu et al, 2002) .
Cell cycle analysis
Cells were fixed with ethanol, and stained with propidium iodide. DNA content was measured by a flow cytometer (Cytomics FC 500; Becton Dickinson), and cell cycle distribution determined by Multicycle software (Phoenix Flow Systems). A minimum of 10 000 events were collected to create each DNA content histogram.
RK3E foci formation and growth curve assay RK3E foci formation was performed as described previously (Tonon et al, 2003) . For growth curve assays, cells were plated on six-well plates at 1 Â10 4 cells/well in duplicate, and staining was performed daily for the next 6 days. Specifically, cells were fixed with 4% formalin for 10 min, stained with 0.1% crystal violet for 20 min, washed with H 2 O 10 times, air-dried, and wrapped with an aluminum foil. When all the staining was completed, 1 ml of 1% acetic acid solution was added to each well to dissolve the dye, and absorbance at a wavelength of 590 was measured. The amount of dye taken up by the cells was used as an indication of cell number.
Immunofluorescence staining
Staining was performed as described previously (Wu et al, 2002) .
Reporter assays
Reporter assays were performed as described previously (Wu et al, 2002) .
ChIP assay
ChIP assay was performed using a ChIP assay kit (Upstate) with minor modifications. Briefly, 293T cells were transfected with either empty vector or the MECT1-MAML2 expression vector for 24 h, and fixed with formaldehyde to crosslink the DNA to chromatinassociated protein complexes. Nuclei were isolated for further preparation of chromatin lysates. IPs were then performed: about 5 mg of antibodies was used for each IP; the aliquot of chromatin equivalent to 500 mg of DNA was used for IP with rabbit IgG, or p300, or CBP antibodies, and 100 mg of DNA for IP with CREB or anti-FLAG (for transfected MECT1-MAML2) antibodies. Immunoprecipitate complex was washed extensively and DNA was purified. PCR was performed using the primers flanking the CREB-binding site of the Nurr1 promoter. The primer sequences are listed in Supplementary Table 1 .
Supplementary data
Supplementary data are available at The EMBO Journal Online.
